Introduction
With the ever increasing pollution of the world following the rapid urbanization and technological advancement, green chemistry has been brought to the table with escalating importance over recent years. Simultaneously developing useful products, advancing the underlying science and instituting a green nanoscience deployment have been the key challenge. Some efforts have been channelled into green chemical synthesis of metal oxides such as utilizing urea, glycerol, or microwave assisted low temperature growth to enhance the electrochemical properties mainly for energy storage applications.
1-3 However, little effort has been reported in deploying green chemistry for electrochromic applications.
Electrochromism has been gaining increasing attention recently due to its capability of tuning down energy consumption with its application in smart glass industry. The volume of smart glass produced is forecast to grow from approximately 1.4 million sq  in 2013 to approximately 929 million sq  by 2022, which corresponds to an annual value of smart glass market of $88 million in 2013 to $899 million by 2022, according to a report by the London office of Navigant Research. 4 There are three types of smart glasses: electrochromic, suspended particle and thermochromic. Electrochromic glass offers the highest performance among these types when it comes to energy saving. Compared to regular ASHRAE 90.1-1999 house conguration, for windows with WWR (window-to wall ratio) 0.6, electrochromic windows are able to deliver a 10-24% energy saving, 10-15% peak demand reduction in most climates; for hot climates, it adds to another 0-5% peak demand reduction.
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Electrochromic glass comes at a typical cost of $45 to $70 per square foot. By comparison, low emissivity glass typically costs between $5 and $15 per square foot. 7 For electrochromic glass to dominate the market, competitive pricing is a clear prerequisite. 8 Having a test-bed for the deployment of green nanotechnology for electrochromism will serve the multipurpose objectives of achieving a high electrochromic performance for reduced energy consumption while adopting a sustainable formulation to its building blocks, cutting down technological cost and speeding up the marketing process.
A requirement for electrochromic materials is electrochemical redox materials with the ability to modulate the transmittance upon voltage application. Solution processible nanomaterials have been of interest due to the fast switching time, ease of coatings on nonformable substrates and facile and low cost preparation. To achieve these performances, the electrochromic nanostructures should possess desirable crystal structures for facile ion intercalation with a short ionic diffusion distance, large electrochemical surface area for fast ion transport and good interconnectivity for electronic conductivity. To harness the benet of green synthesis, we adopted a green resource, tannic acid, to synthesize the electrochromic nanostructures of vanadium oxides. This work represents one of the rst attempts to employ green nanotechnology for electrochromism for green building. The resultant material composed of a unique hybrid structure of nanobelt dispersed in a membrane that allows us to satisfy the superior electrochromic requirements delineated. This work demonstrated the feasibility of deploying green chemistry to design and realize nanomaterials with unique properties that culminated extra benets and pave the way for the search and development for sustainable materials development and their device fabrication.
Tannic acid is a type of green material which is extracted from natural tree bark and leaves. Because of its multiple phenol groups, it has been used as a great chelating agent with metal ions 9,10 and due to the steric hindrance effect from the aromatic ring, metal particles reduced by tannic acid are prevented from aggregation. 11, 12 Thus, it is viable that tannic acid can help in shaping and dening the morphology during nanomaterial synthesis.
Due to its layered structure, which facilitates ion intercalation, vanadium oxide (V 2 O 5 ) is continuously attracting the attention from researchers and it is widely applied in different areas like lithium battery, [13] [14] [15] [16] [17] and so on. Vanadium oxide exhibits an orange and green-blue colour at a positive and negative potential respectively; it is oen used as a complementary electrode 38 due to the low chromic contrast of less than 50% (ref. 23, 27, 39 and 40) in the visible range of light spectrum. Besides, the long switching time, sometimes up to hundreds of seconds of pristine vanadium pentoxide, 41 and the poor stability manifested by a severe peeling within cycles 25, 39 limit its practicality as a material for commercial applications.
In this work, the synthesized vanadium pentoxide with a nanobelt-membrane hybrid structure shows a high optical modulation of 62% in the visible range with a good cycling stability, making it a suitable choice for smart window application.
Experimental section

Sample preparation
Hydrothermal synthesis was carried out for vanadium oxide: 0.15 g VOSO 4 dissolved in 25 ml DI water and then 0.025 g tannic acid was added to the system to form a dark blue solution. Aer that, 1 M H 2 SO 4 was added drop-wise to tune the pH to around 1.6 before adding 8 ml 30% H 2 O 2 to the solution. The resultant orange solution was then put into an autoclave and kept at 180 C for 24 h aer which a gel-like orange aggregation was formed. The weak gel was shaken to redisperse it in water and washed via centrifuge alternatively with water and ethanol for several times. The resultant powder form of vanadium oxide was mixed with water to form a suspension and was drop-casted on ITO glass to form the electrochromic thin lm with a thickness of around 712 nm (refer to ESI and FS 1 † for the detailed process).
ITO surface treatment
The surface treatment was carried out following the procedure outlined in our previous work. 39 Briey, ITO/glass was washed thoroughly in ethanol, then water, and dried via purging with nitrogen gas before immersing in 1 mg L À1 aqueous linear polyethylenimine(LPEI, Mw 25 000) solution for 20 min with pH of 2.5 adjusted by 1 M HCl.
Characterization
The synthesized sample was investigated by Field Emission Scanning Electron Microscopy (FESEM) JEOL 7600F and Transmission Electron Microscopy (TEM) JEOL 2100F to obtain the morphology and lattice image. X-Ray Diffraction (XRD) measurement was carried out on Shimazu XRD-6000 (Cu target, 2 min À1 ). Fourier transform infrared spectroscopy (FT-IR) spectrum was collected on a Frontier™ FT-IR/NIR spectrometer. The sample roughness was measured using Atomic Force Microscope (AFM) with a DI 3100 (Veeco, Digital Instruments).
Electrochromic performance testing
The electrochromic testing was carried out in a conventional three electrode environment with the active material on ITO/ glass as the working electrode, Ag wire as the reference, Pt wire as the counter electrode. 1 M lithium perchlorate in propylene carbonate was used as the electrolyte. The voltage supply was from Solartron 1470E and the active material was polarized between À0.7 V and 1 V versus Ag wire reference for electrochromic contrast testing and stability testing. Two electrode test with two ITO glass sandwiching the electrochromic material was also carried out to prove the feasibility of device test as describe in the ESI. †
Result and discussion
Aer washing of the hydrothermal sample, a belt-like structure can be seen lying at on the silicon wafer as shown in the FESEM image of Fig. 1a . TEM analysis revealed that the belts are actually composed of ner nanobelts with a width of around 20-40 nm. These nanobelts are conned by a thin solid membrane as shown in Fig. 1b and c , which results in a hybrid structure. A high resolution TEM (HR-TEM) image and a ring-like electron diffraction pattern (Fig. 1d, inset) indicates that the hybrid structured oxide is in polycrystalline form. The suggested mechanism for the formation of the hybrid structured material is as follows: rst, the vanadium ion groups are chelated by the abundant phenol groups from tannic acid. During the crystallization process under hydrothermal synthesis condition, the vanadium species chelated by tannic acid rst nucleate and begin to form into nanobelt structure. Subsequently, instead of multiple ne nanobelts merging into big bundles with lateral growth as shown in a similar synthesis environment without tannic acid. 42 Our sample with tannic acid synthesis results in ne nanobelts with a narrow width of around 20-40 nm and they are connected with a thin membrane as shown in Fig. 1c . The thin membrane is formed due to the occurrence of nanobelt lateral growth in the presence of chelating tannic acid with a strong steric hindrance force. The narrow space between the ne nanobelts creates a repulsing force from the steric hindrance from the tannic acid present along the nanobelt and hindered the diffusion of vanadium species for further crystallization. This induces a depletion of vanadium concentration in the local environment between the nanobelts and leads to the formation of a thin V 2 O 5 membrane.
The XRD (X-ray diffraction) spectrum of the membranenanobelt structure is shown in Fig. 2a . The well-dened peaks in the XRD pattern correspond to orthorhombic vanadium oxide hydrate with a composition of V 2 O 5 Â 1.6H 2 O. These peaks belong to (00L) series and conrm that the hybrid structure is lying at and exposing these (00L) faces. Similar XRD patterns 23, 32 for other hydrothermal samples of vanadium oxide have also been discussed before.
The FT-IR (Fourier-transform Infra-Red) spectrum also conrms the presence of hydrated vanadium oxide. The spectrum is shown in Fig. 2b in the range of 400-4500 cm À1 , the strong absorption peaks at 3418, 2361 and 1625 cm À1 are ascribed to vibrational modes of water molecules, 41 which indicates that water molecules are retained inside the nanostructures aer hydrothermal synthesis. The peak at 1000 cm À1 corresponds to V]O terminal oxygen stretching mode, 43 and the peak at around 760 cm À1 attributes to V-O-V asymmetric stretching mode. 44 Finally, the peak at around 508 cm À1 is related to the stretching mode of the oxygen atom shared between three vanadium atoms.
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To conrm the chemical structure of the membrane in this hybrid, EDX (Energy Dispersive X-ray Spectroscopy) mapping of the distribution of vanadium and oxygen atoms is conducted and shown in Fig. 3c and d. The area (Fig. 3a) is carefully chosen, in which there are no nanobelts observed. The red and green dots refer to oxygen and vanadium distribution, respectively. The uniform signal coverage of the two elements across the selected area proves that the membrane also consists of vanadium oxide. The weight percent of vanadium and oxygen is shown in ESI FS 1. † The HR-TEM analysis shows easily distinguished lattice structure of the membrane which conrms its polycrystalline property as shown in Fig. 3b .
The color change mechanism involves a reversible electrochemical reaction whereby cathodic current through vanadium oxide causes V 5+ (orange color) reduction to V 4+ (green-bluish color); when an anodic current passes, the reverse reaction occurs. The whole reaction can be generalized in the following equation: The contrast is taken at the wavelength of 700 nm for this hybrid structured material. According to Fig. 4a , the contrast yielded was up to 62%. This is higher than other reported data for vanadium oxide, which gives a maximum contrast of around 50% in the visible range. 23, 25, 27 It has been suggested that the contrast of electrochromic materials is related to the extent and amount of active material that can be intercalated with electrolyte ions. 45 The existence of nanobelts signicantly increased the surface area, providing abundant intercalation sites of easy access. Besides, the membrane structure plays an important role in achieving such a high contrast in this work. The original interstitials or spacing between nanobelts are partially replaced by the membrane which smoothens the rough structure (root mean square roughness of 7.72 nm based on atomic force microscope, ESI Fig. S2 †) . Generally speaking, an increase of the porosity with roughened surface would reduce the contrast. 24, 27, 46 This smooth hybrid nanobelt membrane structure reduces light scattering, which helps to increase the transmittance at bleached state. This complements the strong absorption behavior of the electrochromic lm in the colored state that gives a dark color approaching blue, which keeps the transmittance at a low level. Finally, a large difference in transmission levels is reected by the high contrast.
Switching time is described as 90% of the time consumed for the completion of color conversion. The hybrid structured vanadium oxide demonstrates a fast switching behavior with coloration and bleaching time of 7.0 s, and 9.9 s respectively (calculated from Fig. 4b) , which is comparable to other systems with nanowire, nanorod, and amorphous structures. 23, 39, 47 This can be explained from the FESEM image shown in Fig. 1a . The membrane does not form a continuous solid thin lm but connes the nanobelts into bundles between which electrolyte is allowed to inltrate freely into the hybrid structure and enhances the switching kinetics.
As for coloration efficiency, it is dened by the following equation:
Herein, T bleached and T colored refers to sample transmission at the bleached and colored state respectively. DOD indicates the change of optical density and q refers to charge inserted to vanadium oxides per area. The extracted coloration efficiency is 20.7 cm 2 C À1 at the wavelength of 700 nm, which is similar to other crystalline vanadium oxide structures.
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Apart from generally being low in electrochromic contrast, another problem faced by vanadium oxide eletrochromism is its poor stability. The contrast usually drops drastically within the rst few cycles (Fig. 5b) and the lm was found to slowly peel off from the ITO/glass substrate under no surface treatment condition. This eventually leads to a gradual increase of the sample transmission at the colored state. To characterize the reduction in contrast quantitatively, the difference in the sample transmission at the colored state before and aer a certain number of cycles is adopted as DT colored . This parameter describes the extent of lm peeling condition when the cycle number goes up. The lm peeling condition of the sample with and without LPEI treatment is compared in Fig. 5a . The active material is much harder to peel off aer LPEI surface treatment, which gives rise to only 0.8% increase in DT colored aer around 70 cycles compared to the unsatisfactory 15.33% rise in DT colored for the untreated sample.
With the LPEI surface treatment 39 which increases the interaction between the electrode and active material, a much better cycling stability can be achieved as shown in Fig. 5b . A contrast degradation of only 18.6% is obtained aer 100 cycles for samples on LPEI treated ITO/glass substrate in comparison to the severe decrease in contrast up to 92.5% for the sample without surface treatment.
The stability enhancement is due to the coexistence of electrostatic and hydrogen bonding interaction with the substrate. In short, LPEI is a cationic polymer with secondary amine groups; vanadium oxide presents negative charges on the surface. The electrostatic interaction as well as the NH--O]V (ref. 51 and 52) hydrogen bonding interaction improves the cycling stability of the lm. As a comparison for the untreated sample, repeated intercalation and deintercalation strains the crystalline structure and diminishes the interaction between ITO surface and vanadium oxide causing the lm to peel off easily with increased cycling number. Lastly, we also carried out a two-electrode electrochromic performance test of the hybrid structured vanadium oxide sample to validate its potential in real device applications. The results show a comparable performance to the three-electrode test data (refer to FS 3 †), indicating a promising future of this electrochromic nanomaterial.
Conclusion
Based on the results above, we have successfully synthesized a nanobelt-membrane hybrid structured polycrystalline vanadium oxide using tannic acid as a green shape-directing agent. The hybrid structured vanadium oxide can reach a high coloration contrast of 62% in the visible range with enhanced cycling stability aer ITO/glass surface treatment by LPEI, thus making it a promising candidate for electrochromic applications.
